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The discovery of new catalytic methods for carb@arbon bond Table 1. Development of Catalytic Enal—Aldehyde Annulations?
formation remains a formidable challenge in the continuing 0
development of efficient, sustainable chemical processes. In addition 78"'};‘,";?5’;5
to benefits including operational simplicity and atom-economy, such J\©\ Fo—— ————— i _Naph o)
reactions serve as ideal platforms for the evolution of new stereo- 25°C CeHa-p-Br
and enantioselective methods. These advantages are apparent in

recent, remarkable innovations in direct methods for the formation 4 (1 equiv) 5 (2 equiv) 6a -cis
of enolates and their equivalents under remarkably mild conditions. e Me _ o
To date, however, no approaches have been reported for the direct, . >=< N/_\N+ Ar,NVNtAr . h,(:/{)
substoichiometric generation of homoenolates, an attractive cIasan/'\lVS Cy~ %/Cl‘_oy - apl :
of nucleophiles for which there are but few methods of prepara- ) gﬁ ﬁr: l\,aes, ;(<=ng CeHy-p-Br
i 2,3 : i i : r=Mes, X = 6b -trans
tion#*To address this deficiency, we now document the catalytic 3¢ Ar = 2,6-i-PrCgHg, X= CI
generation of homoenolates fromj-unsaturated aldehydes and
their application to the stereoselective synthesig-biityrolactones entry solvent catalyst  dr6 (cistrans)®  yield® 6a + 6b (%)
(Scheme 1). 1 THF 1
2 THF 2
Scheme 1 3 THF 3a 8:1 74
Mes 4 THF 3b 8:1 68
N 0o 5 THF 3c 3:2 55
i o smaw O 6 THF 3a 71 68
oo+ L "Mes 73 o 7 THF 3a 8:1 76
| H R1 W Ar 8 'PrOH 3a 51 47
. Fort. 1 9 EtOAc 3a 5:1 64
Ar 10:1 THiEtert },3,‘:0” R 10 10:1 THF/HO 3a 71 64
7:1 84

] 11 10:1 THFt-BuOH  3a
Ar/\)\r\) A/\/H/ aUnless otherwise indicated, all reactions were performed on a 0.2 mmol

scale at 0.5 M for 15 h. DB 1,8-diazabicyclo[5.4.0]Jundec-7-ene; Mes
i Mes i Mes HkR‘ = 2,4,6-trimethylphenyl; Cy= cyclohexyl.? Determined by'H NMR
talvtically generated homoenolat analysis of unpurified reaction mixtureslsolated yield following chro-

catalytically generated homoenolate matographyd Performed with 1.5 equig. ¢ Reaction time 3 hf Performed

. . . . on a 1 mmol scale; similar results were obtained on a 0.2 mmol scale.
This novel carborrcarbon bond-forming process is predicated

upon our recent discovery of the thiazolium ylide-catalyzed aldehyde%). As expected, thiazolium cataly$tprovided none of
generation of activated carboxylates via intramolecular redox the desired lactone; only trace amounts of undesired benzoin
reactions ofa-heteroatomic aldehydésThese findings anticipate  products were observed (Table 1, entry 1). While bisalkyl imid-
a similar process from,S-unsaturated aldehydes via the interme- azolium salts proved to be unreactive (entry 2), the N-heterocyclic
diacy of conjugated acyl anion equivaleintAlthough i would carbenes generated in situ from bisarylimidazolium salts exhibited
typically be expected to undergo benzoin or Stetter reactions, we high catalytic activity toward lactone formation (entries3.5
reasoned that an appropriate, highly hindered catalyst could (1) Interestingly, the stereochemical outcome of the reaction was
shepherd reactivity to thg-position; (2) preclude reactions from influenced by catalyst choice (entries-3) and formation of the
the acyl position; and (3) deter protonation events that would quench cis isomer was favoretiThe reaction proceeded in a variety of
the incipient homoenolate. Importantly, electrophilic trapping of solvents (entries711), including THF/water mixtures (entry 10).
homoenolatei, followed by tautomerization, would lead to the We have found lactone formation to be slightly facilitated by the
formation of a catalyst-bound activated carboxylate, which must presence of-BuOH (entry 11) and chose 10:1 THBUOH for
be displaced to effect catalyst turnover. With these two critical, further explorations.
discrete reaction events in mind, we chose to focus on aldehydes A variety of enals with extended conjugation serve as efficient
as the electrophilic partner. Coupling of the aldehyde with the nucleophiles in direct annulations (Table’2At the current stage
homoenolate would lead to an alkoxide poised for intramolecular of development the electrophilic reaction partner is limited to
trapping of the activated carboxylate, affording lactones. This aromatic ora,5-unsaturated aldehydes; aliphatic aldehydes do not
selection, however, was not without potential consequences, as theparticipate. Although slow addition of the enal provided some
combination of an enal, an aldehyde, an amine base, and aadvantages, particularly when the highly reactive ynenal was
nucleophilic catalyst presents many competing reaction pathways.employed (entry 5), in general good yields were obtained simply
For reaction development we investigated the direct, catalytic by mixing the reaction components at room temperature. Lactone
annulation of cinnamaldehyde derivati¢4eand para-bromobenz- dimers of the starting enal, along with small amounts of homoben-
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Table 2. Direct, Catalytic Annulations of Aldehydes and Enals?
entry enal RCHO product dr®  yield/ %°
o CHO o
1 .
J)kH © o ,g(o 41 79
Ph Br CeHy-p-Br
o CHO o
d .
, J)kH © Ph,g(o 511 87
Ph CO,Me p-CO,Me-CyH,
o CHO o
3 | H © ct-Meeocal-i,,’/\_r(o 41 76
4-MeOCgHy B pBICeH,
0 CHO 0
. J)k @ ,((( R
4-MeOCgHy4 Ph
o] CHO 0
sif " o 3 41
_ TIPS™=
TIPS CoMe  PCOMe-CeHa
o)
1% o
H TIPS=
6 | J s 83
7
TIPS I
TIPS
0
0
0
7 /Hk H 1-Neph 5:1 67
1-Naph N

1-Naph

aldehyde unlikely. Stopping the reaction prior to completion re-
vealed extensive isomerizationttans-4, implicating homoenolate
10ii in the isomerization. Catalytic annulations in the presence of
tert-BuOD proceeded with stereoselective deuterium incorporation
at theoa-position of the lactone, indicating that tautomerization to
the activated carboxylate occurs after addition of the homoenolate
to the aldehydé& The lack of any observed deuterium incorporation
at the f-position suggests that despite the protic conditions,
quenching of the catalytically generated homoenolate by solvent
is neither a major competing pathway nor one that occurs reversibly.
While surprising, the finding that protic solvents are not detrimental
is consistent with homoenolates stoichiometrically generated from
a,B-unsaturated esters under single-electron transfer condions.
In summary, we have documented a catalytic, stereoselective
synthesis of disubstitutegd-butyrolactones via the direct annulation
of enals and aldehydes. In addition to the synthetic utility of the
resulting products, these studies disclose a versatile mechanistic
platform for the development of novel carbecarbon bond-forming
processes through the intermediacy of catalytically generated
homoenolates and activated carboxylates. The use of an inexpensive,
readily available organic catalyst primes this process for further
innovations in reaction scope and the development of enantio-
selective variants.
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Note Added in Proof. During review of our manuscript, we
learned of a similar report in press: Burstein, C.; Gloriudfgew.
Chem.In press.

Supporting Information Available: Experimental procedures and
characterization data for new compounds (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

aReaction conditions: 1.0 mmol enal, 0.5 M in 10:1 THF-BUOH at
25 °C for 15 h, 8 mol %3a, 7 mol % DBU, 2 equiv of the electrophilic
aldehyde? Determined byH NMR analysis of unpurified reaction mixtures.
¢ Combined yield of both diastereomers after chromatograp@pncen-
tration = 0.1 M. ¢ Performed with 15 mol %8a, 14 mol % DBU.f The
enal was added over 3 h.

zoin products of the excess electrophilic aldehyde, represent the
major byproducts. This process is therefore amenable to the catalytic
dimerization of enals, giving good yields of lactones suitable for
further functionalization (entries 6 and 7).

Several experiments support the postulated catalytic cycle shown
in Scheme 2. The use afis4 as a substrate gave an identical
stereochemical outcome, rendering the direct additiatDofo the

Scheme 2. Postulated Catalytic Cycle for Lactone Formation
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